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Intact, thriving, ecosystems -- that is, ecosystems with sufficient biodiversity to maintain functionality -- provide humans with a broad range of health--giving 'services'. The [@bb0090] categorised these 'ecosystem services' ([Table 1](#t0005){ref-type="table"} ) to help highlight their contribution to our wellbeing and make policy recommendations for their sustainable management. Over 1300 experts from 95 countries collaborated to provide a series of landmark publications linking ecosystem functionality directly to the health gains derived from the availability of food, water, timber, fibre, fuel and a sense of place (<http://www.unep.org/maweb/en/index.aspx>). Unfortunately, the rate of anthropogenic ecosystem change has been greater in the last 50 years than ever before, and rapidly continuing ecosystem degradation poses a barrier to achieving the United Nations Millennium Development Goals of eliminating hunger and disease ([@bb0090]). These adverse impacts on the state of ecological communities have been the focus of detailed investigations by ecologists for decades, generating a rich body of literature that highlights the ecological linkage mechanisms between ecosystem disruption and adverse human health outcomes ([@bb0095], [@bb0115], [@bb0120], [@bb0130], [@bb0140], [@bb0205]).Table 1Categories of selected ecosystem services that support human health ([@bb0090]).Provisioning servicesRegulating servicesCultural servicesFoodClimateAestheticWaterNatural hazardsRecreationalFibrePestsEducationalFuelInfectious diseasesSpiritualMedicines

Human health can be impacted in a number of ways from these environmental changes including increases in exposure to human pathogens, bioaccumulation of toxic substances, reduced crop yields and compromised food supplies, scarcity of potable water and air pollution ([@bb0160]). Whilst environmental degradation has an impact on ecosystem services, attempts to restore ecosystems do not necessarily result in the full restoration of services. A meta-analysis conducted across a range of ecosystem restoration projects found that biodiversity increased on average 44% and ecosystem services increased 25% when compared to unrestored ecosystems, but restored biodiversity and services were still lower than that of intact reference ecosystems ([@bb0165]). For example, restored wetland ecosystems have, on average, 26% lower biological structure and 23% lower biogeochemical functioning than reference sites ([@bb0105]). These findings raise the question of whether restoration reduces the risk of adverse health outcomes, and very little research has been commissioned to specifically answer this question ([@bb0190]).

One potential area of research that could provide fruitful ground for addressing this question lies in the area of emerging infectious diseases (EIDs). EIDs are those that have recently appeared de novo, or increased significantly in their incidence, distribution or severity, with obvious examples including HIV (human immunodeficiency virus), DHF (dengue hemorrhagic fever), SARS (Severe acute respiratory syndrome), and Lyme disease (to which we will return). These diseases impose a crippling burden on population health and public health infrastructure, possibly in the order of billions of dollars annually ([@bb0035]). Socio-ecological change is the most significant driver of emergence, with over 60% of emerging pathogens originating in animals, and most of those from developing countries where surveillance and control are least effective ([@bb0075]). It is no co-incidence that developing countries generally also have the highest rates of population growth, land clearing for agriculture, and biodiversity loss --- a combination of drivers that has in some cases been causally linked to disease emergence. EIDs are not just of concern for developing countries. Lyme disease, for example, has emerged as a public health problem in the north-eastern USA where an increasing number of people spend time in forests that have re-grown following clearing, and that do not contain their original complement of biodiversity. As a result, pathogen-transmitting ticks concentrate their feeding on a Lyme reservoir-competent mouse, creating a higher percentage of infectious ticks than would have been the case if a greater variety of species of host animals had been available for the ticks to feed on. Thus, a higher percentage of ticks that bite humans are infectious, linking biodiversity loss directly to disease emergence ([@bb0130]). It is tempting to generalise from this example that biodiversity conservation is protective against infectious disease emergence, and many other examples indeed support that this is the case ([@bb0125]), chiefly for arthropod mediated infections, but also for directly transmitted zoonoses ([@bb0030]).

However, a recent review article ([@bb0155]) and meta-analysis ([@bb0175]) have seriously questioned the generalisability of the statement "biodiversity protects against disease" ([@bb0155]). The review points to the complexity of the relationship, showing that both theoretical and empirical evidence supports the hypothesis only under limited, variable, and case-specific circumstances. Worse still, in some circumstances, pathogen amplification is facilitated by biodiversity, increasing the risk of disease emergence. The meta-analyses came to a similar conclusion, finding only a "weak and highly heterogeneous relationship between host diversity and disease" ([@bb0175]). It appears that the relationship between biodiversity and disease can be positive or negative and the relationship may not be simple or consistent ([@bb0200]).

General consensus exists that anthropogenic environmental changes commonly result in non-random community dis-assembly (loss and/or changes in the abundance of individual species, and alterations in community composition, species interactions and function) ([@bb0050]). The ecological processes operating in a degraded or altered ecosystem are often different from those operating in a non-degraded ecosystem ([@bb0185]), with impacted ecosystems taking on altered ecological states with communities dominated by tolerant or newly colonising species ([@bb0150]). Furthermore, these impacts can extend to processes that govern the transmission of pathogens in particular circumstances ([@bb0065], [@bb0135]). For example, habitat modification can disrupt aquatic invertebrate communities resulting in colonisation and dominance of *Anopheles* vectors of malaria that would normally be excluded by predating and competing taxa ([@bb0145]).

Although there is an understanding of the consequences of ecosystem degradation, community re-assembly following ecological restoration is less well understood ([@bb0195]). Currently, understanding of the ecological processes underlying the recovery of ecosystems is often incomplete and poorly integrated across different ecosystems ([@bb0100]). New ecosystems can arise through abiotic changes, these ecosystems will comprise different species, interactions and functions ([@bb0050]). Novel ecosystems result when species occur in combinations and relative abundances that have not previously occurred within a given biome ([@bb0045]). In restoring an ecosystem there are several alternative states that the ecosystem may pass through during restoration and the end point of the restoration may not be the original ecosystem state but an alternative state with differing processes from the original, i.e. the degradation and recovery trajectories are different ([@bb0185]). This may be due to changes in landscape connectivity and organisation, loss of native species pools, shifts in species dominance, trophic interactions and/or invasion by exotic species, and contamination effects on biogeochemical processes ([@bb0185]). Restored ecosystems do not necessarily return to their original state or functioning ([@bb0045]). Where ecosystem degradation has resulted in enhanced potential for disease transmission, such as increased abundance and dominance of vector species ([@bb0010], [@bb0015], [@bb0135]), the effects of ecosystem restoration on community re-assembly and disease risk remains a poorly studied area ([@bb0025]). Given the unknown trajectory and endpoint of restored ecosystems the impacts on human health could also be unknown as the ecosystem functions regulating diseases may be different from the initial ecosystem state ([Fig. 1](#f0005){ref-type="fig"} ).Fig. 1Ecosystem degradation has been shown to increase the risk of some diseases, but, given the unknown trajectory of restored ecosystems the act of restoration may not reduce the disease risk (solid line indicates disease risk in undisturbed ecosystem, broken line indicates disease risk in degraded ecosystem and possible trajectories under different restoration regimes).

A number of studies have shown that increased species diversity can reduce disease risk by regulating the abundance of an important host species, but other studies have shown that increased diversity can increase disease risk ([@bb0055]). This increase can be due to new species providing alternative sources of infection or by increasing vector numbers or providing additional food sources for vectors ([@bb0055]). With the restoration of ecosystems new ecosystems can arise through abiotic changes, and these ecosystems will comprise different species, interactions and functions ([@bb0050]). Very few studies have examined the impact of ecosystem restoration and its impact on vector-borne disease. The majority of these studies have found a positive effect where the restoration has resulted in a decrease in risk to human health ([Table 2](#t0010){ref-type="table"} ). A notable exception can be seen in the example of reforestation and Lyme disease ([@bb0005]). In this case, reforestation resulted in an increase in biodiversity, but also an increase in Lyme disease cases. The reforestation increased the number of deer and deer ticks and thus increased the incidence of the disease.Table 2Examples of ecosystem restoration and its impact on vector-borne disease.VectorRestorationImpactMosquitoHabitat modification and biological controlReduction in mosquito larvae abundance ([@bb0170])Ticks (*Ixodes scapularis*)Removal of weed speciesReduction in Lyme disease risk by 98% ([@bb0110])MosquitoDrainage of salt marsh to more natural stateReduction in mosquito numbers ([@bb0060])Ticks (*Ixodes ricinus*)Restoration of peatlandsReduction in abundance of ticks ([@bb0040])Ticks (*Ixodes dammini*)ReforestationIncrease in incidence of Lyme disease ([@bb0005])

Restoring ecosystem function in wetlands whilst benefiting wildlife may have unintended consequences such as providing mosquito habitat ([@bb0080]). A potential example of this can be seen in the case of Ross River Virus (RRV) and dryland salinity. In Western Australia, changes in landuse from perennial native vegetation to annual crops have resulted in an increase in dryland salinity (the removal of deep rooted perennial vegetation results in a rise in the water table bringing dissolved salts to the surface). These changes have resulted in ecosystem disruptions ([@bb0065]), such that the vector for RRV, *Aedes camptorhynchus*, becomes dominant in saline affected areas --- due to other mosquito species which may compete with *A. camptorhynchus* and macroinvertebrate predators of *A. camptorhynchus* being unable to tolerate the saline conditions ([@bb0020], [@bb0015], [@bb0070]). Environmental remediation of saline lands is underway in Western Australia through a variety of means, including revegetation and deep drainage (a process where drains are constructed that pierce the watertable draining away saline water). In restoring an ecosystem there are several alternative states that the ecosystem may pass through during restoration, and the end point may not be the original state but an alternative state with differing ecological processes from the original. It is known that degradation and recovery trajectories are likely to differ ([@bb0185]). In the case of restoration of saline lands there are different methods of remediation that reduce salinity in different ways, and therefore directly affect restoration trajectories so that the ecological endpoints are likely to differ. Impacts of these restoration trajectories on *A. camptorhynchus* are unknown: in the case of revegetation, where waterlogging is reduced and biodiversity increased, there is the potential for a decrease in *A. camptorhynchus*; with deep drainage, where biodiversity remains low, waterlogging in the surrounding area is decreased but saline water is still in the landscape, and *A. camptorhynchus* abundance may remain constant or may increase. The two different restoration pathways both have the same aim (reduction of dryland salinity) but have differing ecological, and therefore health, outcomes ([Fig. 2](#f0010){ref-type="fig"} ). Given the potentially unknown trajectories of the ecosystem the actual human health outcomes are not guaranteed.Fig. 2Potential outcomes of two possible processes of ecosystem restoration on incidence of Ross River virus.

With such uncertainty from restoration outcomes, what can land managers conclude about the value of conservation efforts to the health of human populations? One of the great hopes for a positive outcome between infectious disease emergence and biodiversity conservation was that public health practitioners and conservation advocates could work synergistically and concurrently towards healthier sustainable societies and environments. The debate around the mechanistic ecological underpinnings of the relationship -- and therefore about the value of restoration -- threatens to lessen this opportunity and thereby, as we see it, adversely impact human health. From a public health and clinical perspective, any opportunity to reduce the human disease burden is a good one, and should be grasped in the absence of counterbalancing potential risks. It is important to restore degraded ecosystems, as they can be detrimental to human health, but it is important to realise that there may be adverse health outcomes from poorly planned or implemented restoration projects. The argument is in a way similar to the climate change debate: even if the change is not anthropogenic, can we afford to take the chance of not attempting to reduce the impacts of climate change until we have solid evidence that no adverse outcomes would ensue? From a health perspective, we cannot. The direct and indirect health effects of global warming could be both catastrophic and irreversible ([@bb0085]), and on that basis sound public and environmental health practice dictates that we take the course of action that is most likely to protect the public health, even if that action is later shown to have made no difference (the precautionary principle). In a similar way, the medical and allied health community should be supporting the conservation and restoration of biodiversity both to maintain the health-giving services captured in [Table 1](#t0005){ref-type="table"}, and to reduce the risk of emerging infectious diseases (even if only based on a "weak and heterogeneous" relationship). "The stewards of tomorrow\'s Earth need to know not only whether interventions work, but which interventions work best, which are most cost-effective, and which are sustainable in terms of protecting the most vulnerable populations" ([@bb0190]), which highlights the need to give the restoration ecologists of the future tools and knowledge to tackle the task of restoration ([@bb0180]). Biodiversity loss, like climate change, is irreversible, and both have the potential to seriously and negatively impact population health. Whilst acknowledging uncertainty, sound public health practice would dictate that we restore ecosystems to support biodiversity conservation and work to maintain as much of our planet\'s ecological integrity as possible (at least until we understand it better) and ensure public health is a priority in the restoration of ecosystems (even those where there is no apparent health risk in the degraded ecosystem).
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